Introduction
Changes in land use and land cover (LULC) alter the exchange of energy, momentum, moisture, and other trace gases within the vegetation-soilatmosphere continuum, subsequently affecting the global and regional climate (Charney et al., 1977; Chase et al., 1996; Foley et al., 2005) , and hence impacting the dispersion of pollutants and air quality. The Pearl River Delta (PRD) and the Yangtze River Delta (YRD) regions are the most two advanced economic districts in China, which have experienced remarkable economic development and urbanization in the past two decades. The GDP for these two districts is about 29.5% of the total Chinese GDP in 2006. Urban areas account for 60% in the total land cover in PRD, which is two times higher than the Chinese national average, and for about 45% in YRD. The expanded urban areas in these two districts were generally converted from farm lands. The PRD region, an area of about 41700 km 2 , located in the southern part of the Guangdong Province, includes mega-cities such as Hong Kong, Guangzhou, Shenzhen, and seven other mid-size cities. The YRD region with area of 109600 km 2 is located in east-central China, which includes the Jiangsu Province, Shanghai, the Zhejiang Province, and a part of the Jiangxi Province and the Anhui Province. There are 16 cities in YRD including the mega-cities of Shanghai, Nanjing, Suzhou, Wuxi, and Hangzhou. However the urban spatial sprawls in PRD and YRD are different. For instance, in PRD, cities are connected with each other and form a city cluster (see Fig. 1d ); in YRD, the urban expansion and clustering of surrounding towns and counties are located in centralized cities, like Shanghai and along the Ningbo-Shanghai-Hangzhou transport passageway Yao and Chen (1998) .
The fast urbanization is significantly modifying local and regional meteorological conditions. Climatologic data indicates that the mean winter temperature of southern China, including PRD, increased by approximately 0.0326
• C yr −1 for the past 37 years (Liang and Wu, 1999) . In YRD, three urban heat island centers also showed a temperature increase: Shanghai with up to 0.025
• C yr −1 (the highest value in this region), a second heat island in the center to the southeast of Nantong city with an increase of 0.020
• C yr −1 , and along the Suzhou-Wuxi-Changzhou line neighboring the Taihu Lake with an increase of 0.015
• C yr −1 -0.020
• C yr −1 (He and Zhuang, 2005) . In recent years, severe air pollution episodes with high ozone and poor visibility occur in alarming frequency throughout PRD (Lee and Sequeira, 2001; , Chan et al. (2003) also reported high levels of air pollutants on China's east coast over Lin'an. Recent studies on the impacts of urbanization on local weather and air quality mainly focused on Hong Kong and PRD. Lo et al. (2006) , using an atmospheric model and a three-dimensional particle trajectory model, pointed out that urbanization in the PRD can modify regional land-sea-breeze circulations and potentially enhance the pollutant trapping, and therefore may contribute to the overall poor air quality in the region. Lin et al. (2007) used the MM5 model to simulate the impact of urban expansion on monthly climate in the PRD region. Wang et al. (2007) used a regional atmospheric chemistry model to study the effects of urbanization on surface ozone concentrations in the PRD. These investigations were based on case studies, and the impacts of urbanization on air quality in YRD region have not been quantified.
The PRD and YRD are both located in the coastal regions, and both have experienced remarkable economic development and urbanization in the past two decades. Continuing urbanization in these two regions puts a significant strain on natural resources and impacts the air quality and regional climate; it is, hence, necessary to understand and compare the effects of urbanization on air quality between these two heavily urbanized delta regions, which may provide insightful input to policy makers for regional sustainable development. Therefore, the main objective of our study is to use the weather research and forecasting with online chemistry (WRF-Chem) model to conduct month-long simulations to examine the degree to which urbanization-induced weather conditions impact surface ozone in highly-urbanized regions located in slightly different climate regions: the PRD and YRD. Month-long simulations are necessary to investigate how ozone distributions respond to changes in atmospheric conditions due to urbanization under different synoptic weather regimes (rather than looking at one single weather event). Here, we primarily focus on the analysis of ozone modification (because ozone is the most important oxidant and indicator of photochemical smog) to changing meteorological conditions and do not consider the impact of a change in emissions on ozone concentrations. Measurements of tropospheric O 3 over East Asia and the western Pacific in Japan, Taiwan, and Hong Kong show a maximum concentration in the spring (Logan, 1985; Oltmans et al., 1992; Harris et al., 1998; Chan et al., 1998; Langford, 1999) . A climatological tropospheric O 3 map derived from satellite data (Fishman and Brackett, 1997) over China also shows a springtime maxima. Therefore, we chose March 2001 for this study because it comprises several high-pollution episodes, and air-quality data is available for evaluating the model simulations.
Methodology

Description of the WRF-Chem model
The WRF-Chem is used to simulate the impacts of urban expansion on weather conditions and surface ozone concentrations in March 2001. Details of the WRF-Chem model can be found in Grell et al. (2005) and at http://ruc.fsl.noaa.gov/wrf/WG11/. This numerical model system is "online" in the sense that all processes affecting the gas phase and the aerosol species are calculated concurrently with the meteorological dynamics. It has been successfully applied for regional air quality studies (Fast et al., 2006) . Different physics and chemistry options in the WRF-Chem can be used. In this study, we used the physical parameterizations including the NCEP-5 class microphysics (Hong et al., 1998) , a new Kain-Fritsch convective parameterization (Kain, 2004) , Dudhia shortwave radiation (Dudhia, 1989) , RRTM longwave radiation Mlawer et al. (1997) , the Yonsei University (YSU) planetary boundary layer (PBL) scheme (Noh et al., 2003) , and the Noah land surface scheme (Chen and Dudhia, 2001 ). The Noah LSM provides surface sensible and latent heat fluxes, and surface skin temperatures as the lower boundary conditions to WRF. To represent the thermal and dynamic effects of urban areas, the single-layer urban canopy model (UCM) of Kusaka et al. (2001) and Kusaka and Kimura (2004) was coupled to Noah in the WRF-Chem model. The basic function of a UCM is to take urban geometry into account in its surface energy budgets and wind shear calculations (Miao and Chen, 2008) and to calculate the surface fluxes from man-made surfaces and include (Jiang et al., 2008) : (1) 2-D street canyons that are parameterized to represent the effects of urban geometry on urban canyon heat distribution; (2) shadowing from buildings and reflection of radiation in the canopy layer; (3) the canyon orientation and diurnal cycle of the solar azimuth angle; (4) man-made surface consisting of eight canyons with different orientations; (5) Inoue's model for canopy flows (Inoue, 1963) ; (6) the multi-layer heat equation for the roof, wall, and road interior temperatures; and (7) a very thin bucket model for evaporation and runoff from road surfaces. The CBM-Z gas-phase photochemical mechanism (Zaveri and Peters, 1999) and the model for simulating aerosol interactions and chemistry (MOSAIC) (Fast et al., 2006) were used in this study. The Fast-J radiation scheme (Wild et al., 2000) was chosen to calculate photolysis rates from the predicted ozone, aerosols, and cloud profiles.
Anthropogenic emission and biogenic emission
The anthropogenic emission distribution used in this analysis is based on the estimates of Streets et al. (2003) . Estimates of emissions from individual sectors (i.e., industry, power, domestic, transportation, and shipping) are included in the analysis. We improved the emission rates of SO 2 , NO x , and PM 10 through the use of local, detailed information (Wang et al., 2005) . Measurements obtained in the TRACE-P(transport and chemical evolution over the Pacific) experiment during February and April, 2001 are used in conjunction with regional modeling analysis to evaluate emission estimates for Asia (Carmichael et al., 2003a,b) . It was found that the emission inventories are of sufficient quality to support preliminary studies of ozone production. Biogenic emissions are calculated online using the BEIS (biogenic emissions inventory system) model (Guenther et al., 1995) . As our main objective is to explore the influences of urban-induced changes in meteorological conditions on air quality, we used the same surface biogenic and industrial emission rates (reflecting today's situation) for different land-use scenarios. The impacts of the emission rate changes will be investigated in future studies.
Land-use data used in this study
Two land-use scenarios are used in the WRF-Chem model for the PRD and the YRD regions in this study to explore the effects of urban expansion on weather and air pollution. The WRF-Chem model is configured for the current study with a horizontal grid spacing of 12 km and grid point dimensions of 171×171. The location of the domain is shown in Fig. 1a , which covers the southeastern part of China, centered at 27.2
• N and 116.0
• E with 24 vertical layers up to 100 hPa. The default land-use data used in the WRFChem model is based on the 1992-1993 1-km Advanced Very High Resolution Radiometer (AVHRR) data (see Fig. 1b and Fig. 1c) , which, to a large degree, reflects the distribution of cities (mainly Shanghai, Nanjing, Guangzhou, and Hong Kong) in the late 1980s. By contrast, an updated land-use scheme based on the 2004 1-km Moderate Resolution Imaging Spectroradiometer (MODIS) (Friedl et al., 2002) data is used to refer to today's distributions of cities (see Fig. 1d and Fig. 1e ). The latter demonstrates the rapidly urbanized areas centered in Guangzhou, Foshan, Dongguan, and Shenzhen in the PRD and Shanghai, Hangzhou, Nanjing, Suzhou, and Wuxi in the YRD. The 1-km MODIS data are aggregated onto a 12-km domain using the same approach in the WRF to aggregate the 1-km USGS land-use data.
The WRF-Chem/UCM simulation started from 0000 UTC 01 March 2001 and ended at 2300 UTC 30 March 2001. Therefore, two month-long WRFChem simulations are conducted with identical WRFChem physics packages, initial, and boundary conditions, and the only exception is that one simulation used the 1993 default land-use data (referred to as the Pre-urban simulation hereafter) and the other used the 2004 MODIS land-use data (referred to as the Urban simulation hereafter). versity, is located on the southeastern tip of Hong Kong Island. A detailed description of the site and its surroundings is given by . Briefly, the site was selected to reflect the atmospheric transport and conversion processes in a relatively clean area of Hong Kong. This site is located ∼20 km away from the city center and downwind of the city under the prevailing east-northeast flows in the spring. The measured trace gases are NO y , CO, SO 2 , O 3 , and NO at Hok Tsui. Here, NO y at Hok Tusi includes NO, NO 2 , NO z (PAN, HONO, HNO 3 , N 2 O 5 and organic nitrates).
As discussed by Wang et al. (2003b) , the rural HK site can be influenced by urban plumes, as indicated by sharp rises in the time series of the hourly averaged mixing ratios of NO y , CO, SO 2 , O 3 (Fig. 2) . March is a transitional period between the winter and summer monsoons. The Siberian high system and the Pacific high system come and go in this region (Bey et al., 2001; Wang et al., 2003a) , which results in large dayto-day variations in the trace gas levels. Several peaks during this month are shown in Fig. 2 .
Two main chemical mechanisms were chosen for comparison tests under the same physical parameter- izations. Package 1 is CBM-Z and MOSAIC for the gas phase and aerosol species. Package 2 is RADM2 (Regional Acid Deposition Model version 2) for the gas phase chemical reaction, and MADE (Modal Aerosol Dynamics Model for Europe)-SORGAM (Secondary Organic Aerosol Model) mechanisms for the aerosol species. Figure 2 shows the time series of the various pollutants measured at the HK measurement site for March 2001 as compared to the WRF-CHEM simulations. The simulations are able to capture many of the observed features. For example, the increase in CO, SO 2 , and NO y during 18-22 March is well captured in the simulations. The model clearly shows a distinct tendency to under predict O 3 concentrations during the daytime. Several possible reasons are available to explain such a low bias in O 3 during the daytime in the WRF-Chem model. One inaccuracy is the emission inventory. The VOC and CO emission rates are under estimate in this study (Streets et al., 2003) , which is shown in Fig. 2b . Several studies indicate that PRD is a VOC limited area, and underestimating VOC in the emission inventory may have caused a lower O 3 formation in the daytime. Comparing these two chemical mechanisms, we found that the results from package 1 can better represent a nighttime ozone titration that agrees with the observations. We found that package 2 tends to over predict the OH concentration at low NO x levels at night, which can lead to a reduction of the destruction of O 3 production. So in this study, we choose package 1 as a chemical mechanism for the other sensitive studies.
Verification of meteorological variables
The WRF-Chem simulated meteorological conditions are evaluated against surface measurements from 19 weather stations located within our modeling domain. The verification statistics of 2-m temperature, 10-m wind speed, and 2-m relative humidity for the (Schlünzen and Katzfey, 2003) , the root mean square error (RMSE), and other statistics are calculated. In statistics, the bias, the mean absolute error (MAE), and the root mean square error (RMSE) are frequently-used measures of the differences between model simulations and the observations, and are defined as:
respectively, where S i is the simulation and O i is the observation. Besides those above, another measure, the HR (hit rate) is introduced here. The hit rate means that out of the total number of stations, how many are within a certain threshold. In this paper, the criteria for the hit rate calculation are for a modelobservation agreement within 2 • C for the 2-m temperatures, 10% for the 2-m relative humidity, and 1 m s
for the 10-m wind speed. The hit rate is a reliable overall measure for describing the model performance, because it is able to consider the measurement uncertainty, which is difficult to consider in the bias, MAE or RMSE.
In Table 1 , the simulated 2-m temperature is higher (0.7
• C) than the observed data, while the simulated 2-m RH is a little lower (5.3%). Therefore, the WRF/Noah/UCM modeling system appears to produce a "warmer" and "drier" simulation. The hit rates of the 2-m temperature and RH are 0.63 and 0.86, respectively, reflecting good agreements between the observations and the simulations. The simulated wind speed is about 1.3 m s −1 higher than the observed. As expected from the relatively strict criteria (1 m s −1 ), the HR of the wind speed (0.30) is the lowest among all the variables. In the study of Miao et al. (2009) , a 24-h WRF/Noah/UCM simulation in relation to the Beijing area on 18-19 August 2005, was conducted. According to the same criteria for the 2-m temperature (2 • C) and the 10-m wind speed (1 m s −1 ), the hit rate calculation and the 2 g kg −1 for the 2-m specific humidity, the HR of the 2-m temperature, the 2-m specific humidity, and the 10-m wind speed are 0.78, 0.61, and 0.75, respectively. The HR of the temperature and humidity in Table 1 are close to those above, while the hit rate of the wind speed is much lower than that in Miao et al. (2009) . Nevertheless, the mean observed 10-m wind speed is only 0.98 m s −1 in that case while 3.2 m s −1 in this. So the criteria for the wind speed (1 m s −1 ) hit rate calculation becomes really strict in this case. In summary, these statistics suggest that the WRF/Noah/UCM modeling system generally captures the synoptic systems and the regional weather fairly well.
Results and analysis
Regional weather-condition changes induced by urban expansion
In recent years, many efforts have been made to estimate the weather condition changes due to urbanization. The results revealed that air temperature, wind field, humidity, and the height of the atmosphere boundary layer induced by the land-use change (Grossman-Clarke et al., 2005; Liu et al., 2006; Lo et al., 2006; Civerolo et al., 2000; Jiang et al., 2008) can affect the production and distribution of air pollutants (Taha et al., 1998; Civerolo et al., 2007; Wang et al., 2007) . In this study, we focused on three parameters: 2-m air temperature, PBL heights, and 10-m wind speed because of their significant roles in the formation and evolution of surface ozone concentrations (Ordonez et al., 2005) .
The difference of the monthly mean 2-m air temperatures between urban and pre-urban simulations shows that urbanization increases both the daytime and nighttime 2-m temperatures (Fig. 3) in the PRD and the YRD. However, the temperature increase for the daytime is smaller than that for the nighttime. The maximum difference between the simulations with pre-urban and urban is about 0.6 • C in the daytime Table 2 . Relative differences of the variables between the urban and pre-urban simulations in the urban areas. For a given variable X, the ratio is defined as and 1.4
• C during the nighttime over urban areas. Although warm centers dominate, there are some cool centers (minimum temperature difference < −0.2
• C) in the Pearl River estuary with urban expansion. Compared to the YRD, the PRD has a smaller increase of the 2-m temperatures, especially at nighttime, which can be seen in Table 2 .
Urbanization decreases both daytime and nighttime 10-m wind speeds in the urban areas as shown in Fig. 4 , because of rougher urban surfaces. Daytime reduction in the wind speed (more than 3 m s −1 )
is larger than that for the nighttime (0.5 to 2 m s −1 ). The PRD has a much larger decrease of the 10-m wind speed than the YRD at nighttime, about a 2-3 m s −1 decrease because the PRD cities are close to each other while the YRD cities are sparse. That means the more centralized urbanization in the PRD may lead to a larger decrease of the near-surface wind speeds.
The spatial difference of the monthly mean PBL height in the daytime and nighttime are shown in Fig.  5 . Urbanization also increases both the daytime and nighttime boundary layer depth, as expected. The daytime increase in the PBL height (200 m) is larger than that for the nighttime (50-100 m). Moreover, the PRD has a smaller increase in the PBL depth than the YRD. During the nighttime, the PBL depth increases 35.3% in the YRD, while there is only a 5.9% increase in the PRD.
Impact of urban expansion on surface O 3 concentrations
We have seen so far that urbanization can modify temperature, wind speed, and the PBL mixing-layer depth and stability. In this section, we focus on the impacts of those modified meteorological conditions on spatial and temporal distributions of ozone (O 3 ) concentrations, because it is the traditional indicator of photochemical smog. Figure 6 shows the influences of urban expansion on daytime and nighttime averaged surface O 3 concentrations and the 10-m wind vector. While surface O 3 concentrations over major cities for the daytime and nighttime increase, the nighttime enhancements in O 3 concentrations outpace those during the daytime in the urban expansion regions. Areas with the main O 3 concentration increases generally coincide with the areas of temperature increases and wind speed reductions. These results are consistent with previous studies showing the direct link between increased ozone concentrations and higher temperatures (Sillman and Samson, 1995; Aw and Kleeman, 2003) . Nevertheless, it should be noted that, in the daytime, the surface ozone increase (by 2.9%-4.2%) is less than that for the nighttime (about 4.7%-8.5%). This study confirms the finding of Wang et al. (2007) that the temperature enhancement and the wind speed decrease alone are not sufficient to explain changes in the surface O 3 concentrations, and the PBL-depth change plays a very important role in surface ozone concentration. At the same time, we found urbanization increases converging over the urban areas, especially in the PRD. In addition to a shallower mixing layer, the nighttime enhancement of the convergence zones is larger than that of the daytime. A smaller increase in the mixing layer and stronger convergence zones in the PRD favor both a daytime and nighttime accumulation of surface ozone.
Summary
In this study, we used the online chemistry model, the WRF-Chem, to conduct a month-long simulation to investigate the effects of urban expansion on surface meteorology and ozone concentrations in two rapidlyexpanded urban areas located in slightly different climate regimes: PRD and YRD regions. Simulation results indicate that urbanization: (1) increases both day-and night-time 2-m temperatures by about 0.6
• C and 1.4
• C, respectively; (2) decreases both day-and night-time 10-m wind speeds, and the daytime reduction (by 3.0 m s −1 ) in wind speed is larger than that for the nighttime (by 0.5 to 2 m s −1 ); and (3) increases both day-and night-time boundary-layer depths, and the daytime increase in the PBL height (more than 200 m) is larger than that for the nighttime (50-100 m). Changes in meteorological conditions can result in detectable ozone concentration changes in the PRD and the YRD. Urbanization increases surface ozone concentrations by about 4.7%-8.5% for the nighttime and by about 2.9%-4.2% for the daytime. More importantly, despite the fact that both the PRD and the YRD have similar degrees of urbanization in the last decade and both are located in coastal zones, urbanization has different effects on the surface ozone for the PRD and the YRD, presumably due to their urbanization characteristics and geographical locations. Even though the PRD has a smaller increase in surface temperatures than the YRD, it has (a) weaker surface wind speeds, (b) a smaller increase in PBL heights, and (c) stronger convergence zones. We found that the latter three factors outweighed the temperature increase and resulted in larger ozone enhancements in the PRD than the YRD. It is worth seeing that this study reports some preliminary results, and future work will be conducted to understand the impact of emission changes accompanied with land-use and land-cover changes.
